In recent years, scientists have created artificial microscopic and nanoscopic self-propelling particles, often 14 referred to as nano-or micro-swimmers, capable of mimicking biological locomotion and taxis. This active 15 diffusion enables the engineering of complex operations that so far have not been possible at the micro-and 16 nanoscale. One of the most promising task is the ability to engineer nanocarriers that can autonomously 17 navigate within tissues and organs, accessing nearly every site of the human body guided by endogenous 18 chemical gradients. Here we report a fully synthetic, organic, nanoscopic system that exhibits attractive 19 chemotaxis driven by enzymatic conversion of glucose. We achieve this by encapsulating glucose oxidase -20 alone or in combination with catalase -into nanoscopic and biocompatible asymmetric polymer vesicles (known 21 as polymersomes). We show that these vesicles self-propel in response to an external gradient of glucose by 22 inducing a slip velocity on their surface, which makes them move in an extremely sensitive way towards higher 23 concentration regions. We finally demonstrate that the chemotactic behaviour of these nanoswimmers enables 24 a four-fold increase in penetration to the brain compared to non-chemotactic systems. 25 26 extend over length scales that are several orders of magnitude larger than the motile system itself [13]. It is 34 not surprising that scientists have been trying to design devices that mimic such a behaviour [1, 2, 3, 4]. When 35 swimming is scaled down to the microscale, the fluid dynamics are dominated by viscous rather than inertial 36 forces (i.e. Stokes regime). In such conditions, propulsion is possible only by not-time-reversible deformations of 37 the swimmer's body [14, 15] or by inducing a phoretic slip velocity on the swimmer's surface [16, 17]. The latter 38 can, for example, be achieved by creating thermal gradients (thermophoresis) or chemical gradients of either 39 charged (electrophoresis) or neutral (diffusiophoresis) solutes in the swimmer's environment [16]. Recently 40 it has in fact been proposed that the swimmer can induce a slip velocity on its surface by generating an 41 asymmetric distribution of reaction products that creates a localised chemical gradient. This concept known 42 as self-diffusiophoresis was formalised theoretically [18] and demonstrated experimentally using latex particles 43 [19] and gold/silver rods [20] . 44 From a biotechnological point of view, self-propulsion can be applied to create carriers able to autonomously 45 navigate within biological fluids and environments. This could enable directed access to nearly every site of 46 the human body through blood vessels, independent of the blood flow and local tissue architectures. To this 47 respect, recent preliminary experiments were performed with inorganic micro-particles propelled by pH in the 48 stomach of living mice [21]. The ability to control active diffusion as a function of a physiological stimulus 49 bodes well for tackling challenges in drug delivery where an efficient approach is yet to be found. Among these, 50 1 (a) 20nm Asymmetric polymersome Catalase Glucose Oxidase and/or Enzymatic reactions PMPC-PDPA PEO-PBO 20nm (b) (c) O O O 20 10 POEGMA-PDPA or 20nm (d) Figure 1: Asymmetric polymersomes. (a) Schematic representation of a chemotactic polymersome using a combination of membrane topology formed by PEO-PBO copolymers mixed either with PMPC-PDPA or POEGMA-PDPA copolymers. The polymersomes encapsulate glucose oxidase and/or catalase enzymes. (b) 9:1 PMPC-PDPA/PEO-PBO polymersome imaged in positive staining exploiting the high affinity of PDPA with the staining agent phosphotungstic acid (PTA). (c) 9:1 POEGMA-PDPA/PEO-PBO polymersome imaged in the same staining agent for PDPA. (d) 9:1 PMPC-PDPA/PEO-PBO polymersome imaged in negative staining to highlight the differences in membrane thickness between the PDPA and the PBO membrane.
Introduction 27
Directional locomotion or taxis is possibly one of the most important evolutionary milestones, as it has enabled 28 many living organisms to outperform their non-motile competitors. In particular, chemotaxis (i.e. the movement 29 of organisms either toward or away from specific chemicals) [6, 7] is possibly the most common strategy adopted 30 by many unicellular organisms to gather nutrients, escape toxins [8] and help coordinate collective behaviours 31 such as the formation of colonies and biofilms [9] . Chemotaxis is also exploited by multicellular systems for where is the Boltzmann's constant, the absolute temperature, the water viscosity, and are white 115 noise vectors that respectively model the translational and rotational Brownian diffusion of the particle [5, 16] . 116 Active diffusion analysis 117 To characterise the motility of the polymersomes, we have employed a technique known as nanoparticle tracking 118 analysis (NTA) [44] . This is based on the dark-field parallel tracking of thousands of single nanoparticles using a 119 camera to detect the light of a monochromatic laser scattered by the particles. The geometry of the observation (fps) under different environmental conditions. In a homogeneous environment, either in presence or absence of Figure 2: Single particle analysis in the presence of a chemical gradient. Normalised 1s-trajectories (the cross marks the common origin) and corresponding mean square displacements (MSDs) for (a) symmetric PMPC-PDPA polymersomes loaded with glucose oxidase (Gox) and catalase (Cat) and responding to a glucose gradient, (b) asymmetric PMPC-PDPA/PEO-PBO polymersomes loaded with catalase and responding to a hydrogen peroxide gradient, (c) loaded with glucose oxidase and responding to a glucose gradient, (d-e) loaded with glucose oxidase and catalase responding to a glucose gradient coming (d) from the right-hand side and (e) from the left-hand side and for (f) asymmetric POEGMA-PDPA/PEO-PBO polymersomes loaded with glucose oxidase and catalase responding to a glucose gradient coming from the right-hand side. gradients, and indeed produced slightly higher drift velocities and considerably more polarised chemotaxis than suggesting that the propulsion velocity is only proportional to the products ∇ . These conclusions suggest 197 that, in the presence of a gradient, the strength of the polymersomes' propulsion velocity is strongly biased by 198 its orientation so to create an asymmetric angular probability in the particle's motion that is higher when the 199 particle is oriented toward the gradient. The data in Fig. 2 are the 2D projections of 3D trajectories on the 200 field of view plane. In order to simulate the same arrangement, we use a spherical polymersome with = 50nm 201 and a smaller semi-spherical patch radius, = 15nm as shown in Fig. 3a . We assume that the chemical 202 gradient is aligned along the -axis and that the orientation of the unit vector , is defined by a cone within the 203 sphere with aperture 2 . We can simulate the distribution of the products' concentration just outside the PBO 204 permeable patch at different orientations (Supplementary Note 3.4.2) and this is expectedly biased toward 205 the chemical gradient as shown by the red line in Fig. 3a . We approximated this distribution with the function
where is a proportionality constant and is the sector angle of the PBO domain.
207
Since the gradient in the product distribution around the particle is in first approximation proportional to such limits in both spatial and temporal resolution. In Fig. 3d we show the simulated 3D trajectories normalised 221 to a common origin of 20 polymersomes with a temporal sampling identical to our experimental setting (i.e.
222
33ms corresponding to a 30 fps acquisition rate). We show these both as 3D axonometric projection and in the 223 corresponding plane view which reproduce very closely the experimental data in Fig. 2 . In Fig. 3e , a single 224 trajectory is plotted using both temporal resolution of 33ms (blue line) and 33 s (orange line) corresponding to 225 a 30 and 3⋅10 5 fps acquisition rate respectively. The polymersome trajectories reveal that they are the result of 226 a succession of running and re-orientation events within the ms timescale and hence the polymersomes quickly 227 re-orient toward the gradient with consequent self-propulsion as schematically represented in Fig. 3f .
228

Chemotaxis in complex environments
229
In order to get further insight into the chemotactic response of our system, we performed further experiments 230 on the polymersomes loaded with both enzymes to assess their chemotactic capability more quantitatively 231 using the approach shown in Fig. 4a . A cylindrical agarose gel, pre-soaked in a 1-M glucose solution, was 232 placed on the edge of a Petri dish filled with PBS. Various polymersome formulations were added at the centre 233 of the dish with a syringe pump. Samples were collected at different locations within the Petri dish and at 234 different time points as shown in Fig. 4b , and quantified for concentration and sizing (Supplementary Note Figure 3 : Polymersome chemotaxis simulations. (a) Schematics of an asymmetric polymersome and its reference axis. We assumed the polymersome to be a sphere ( = 50 nm) with a smaller patch ( = 15 nm and sector angle ); the angle represents the orientation of the unit vector with respect to the chemical gradient here aligned to the -axis. We simulated the distribution of the products around the polymersome and their normalised concentration is plotted (red line) alongside a fitting function Δ = ( ( 2 )) ( 2 ) (blue line). to test the effect of placing chemotactic polymersomes in blood flow, we employed an agent-based model of the nanoparticles in capillaries in the presence of erythrocytes (also known as red blood cells) that we have developed radius of 4 m and length of 800 m calculated by computational fluid dynamics (Supplementary Note 3.1).
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The red cylinders represent erythrocytes (at physiological haematocrit H% =10.7%) and the colour maps show 267 the normal velocity, i.e. the velocity component perpendicular to the vessel wall. We used this geometry and we 268 seeded 100 nanoparticles randomly at the entrance of the vessel and allowed their passage through the vessel.
269
The vessel walls were set as no-slip, sticky boundaries (i.e. as a polymersome approaches the barrier it binds to 270 it), so that the number of nanoparticles bound to the vessel wall could be evaluated with different sized particles 271 and velocities of propulsion. As discussed above, we can assume that as asymmetric polymersomes encounter 272 a glucose gradient they will propel with a propulsion velocity that is directly proportional to the gradient, and 273 their rotation is uniquely controlled by Brownian dynamics. Assuming a glucose gradient across the vessel, we 274 performed the calculations for polymersomes with radius = 50, 100, and 250 nm, which is representative 275 of a typical size distribution of polymersomes (see DLS measured distributions in Supplementary Fig. 1) , 276 and to represent the spread of propulsion velocities (see both Figs. 2 and 3) we propelled the polymersomes 277 at from 0 to 200 ms −1 . Fig. 5c receptor is over-expressed at the BBB and it is associated with a transport mechanism known as transcytosis. 291 We have demonstrated that by targeting this pathway we can deliver large macromolecules to CNS resident cells 292
[28]. LA modified asymmetric polymersomes can cross the BBB and we showed this using a 3D in vitro BBB shown in the Supplementary Fig. 18a alongside with the qualitative (Supplementary Fig. 18b ) and quantitative 297 ( Supplementary Fig. 18c ) kinetics of the polymersomes BBB crossing. These data show effective crossing and 298 active pumping of the LA-polymersomes from the apical to the basolateral side of the BBB performed by the 299 endothelial cells. Moreover, the same in vitro model can be used to evaluate the early time points, and as 300 shown in Fig. 5d and Supplementary Figure 19 , we observed that LRP-1 mediated transcytosis is extremely 301 fast taking about 15s from the binding event on the apical side to a full crossing to the basolateral side. We 302 have here used this system to demonstrate that chemotaxis can indeed augments delivery significantly. This where [ ] is the moles of copolymer in the sample, is Avogadro's number and Φ is the fraction of sample 437 at a defined radius R. Finally, the encapsulation efficiency, , is given by:
where is the number of enzymes in the sample. The average of encapsulated enzymes per polymersome were work. L.R-P. analysed the initial samples by transmission electron microscopy and designed the protocols for
